Behavioral analyses of the deletion mutants of the four known myosin II heavy chain (Mhc) kinases of Dictyostelium discoideum revealed that all play a minor role in the efficiency of basic cell motility, but none play a role in chemotaxis in a spatial gradient of cAMP generated in vitro. However, the two kinases MhckA and MhckC were essential for chemotaxis in a spatial gradient of Ca 2+ , shear-induced directed movement, and reorientation in the front of waves of cAMP during natural aggregation. The phenotypes of the mutants mhckA 2 and mhckC 2 were highly similar to that of the Ca 2+ channel/receptor mutant iplA 2 and the myosin II phosphorylation mutant 3XALA, which produces constitutively unphosphorylated myosin II. These results demonstrate that IplA, MhckA and MhckC play a selective role in chemotaxis in a spatial gradient of Ca 2+ , but not cAMP, and suggest that Ca 2+ chemotaxis plays a role in the orientation of cells in the front of cAMP waves during natural aggregation.
Introduction
Phosphorylation and dephosphorylation of the heavy chain plays a major role in the polymerization, localization and function of nonmuscle myosin II in both lower and higher eukaryotes (Middelbeek et al., 2010; Bosgraaf and van Haastert, 2006; Clark et al., 2008) . In the lower eukaryote Dictyostelium discoideum, phosphorylation of the myosin heavy chain plays a role in a variety of basic cell behaviors, including cell polarity, the extension of the anterior pseudopod, repression of lateral pseudopods, uropod formation and the dynamics of cell migration (Stites et al., 1998; De La Roche et al., 2002; Heid et al., 2004) . Phosphorylation, therefore, impacts the directed translocation of a D. discoideum amoeba up a spatial gradient of the chemoattractant cAMP during chemotaxis (Yumura and Uyeda, 1997; Heid et al., 2004) . In human cells there are several myosin II isoforms (Vicente-Manzanares et al., 2009; Conti et al., 2008; Berg et al., 2001) . Phosphorylation and dephosphorylation of the myosin IIA, which regulates the polymerized state of this isoform, has been shown to play a role in migration, lamellipod formation and the stabilization of stress fibers (Dulyaninova et al., 2007; Redowicz, 2001) . Therefore, the myosin II heavy chain kinases and phosphatases must play roles in basic cell motility and the efficiency of chemotaxis. Here, we have explored the roles of the four identified myosin II heavy chain (Mhc) kinases of D. discoideum by analyzing the behavior of null mutants during translocation in the absence of chemoattractant, chemotaxis in a spatial gradient of either of the two chemoattractants, cAMP or Ca 2+ , chemokinesis in temporal gradients of cAMP, and chemotaxis in naturally aggregating cell populations.
During natural aggregation, D. discoideum amoebae respond chemotactically and chemokinetically to the spatial and temporal dynamics, respectively, of waves of the chemoattractant cAMP. These waves are relayed outwardly through an aggregating cell population (Tomchik and Devreotes 1981; Soll et al., 2002) . During the developmental program leading to aggregation, cells not only acquire the receptor and signal transduction pathways for cAMP chemotaxis, but they also acquire the capacity to undergo chemotaxis in a spatial gradient of Ca 2+ (Scherer et al., 2010) . The discovery of Ca 2+ chemotaxis (Scherer et al., 2010; Soll et al., 2011) and its selective loss in the Ca 2+ channel/ receptor mutant iplA 2 (Lusche et al., 2012) , has led to the hypothesis that transient Ca 2+ gradients formed between cells at the onset of each natural cAMP wave may augment orientation in the direction of the aggregation center.
When D. discoideum amoebae polarize and translocate on a substratum, myosin II polymerizes in the cortex of the posterior cell body and uropod (Yumura et al., 1984; Yumura and Fukui, 1985; Soll et al., 2009) . The role of the phosphorylationdephosphorylation cycle of the myosin heavy chain, MhcA, was revealed in the behavioral analyses of two mutants. In the mutant 3XASP, the three threonine phosphorylation sites were substituted with aspartic acid to mimic the constitutively phosphorylated state, and in the mutant 3XALA, the three sites were substituted with alanine to mimic the constitutively unphosphorylated state (Egelhoff et al., 1993; Lück-Vielmetter et al., 1990) . In 3XASP cells, myosin II was primarily disassembled, and in 3XALA cells, it was overassembled (Egelhoff et al., 1993) . 3XASP cells exhibited decreases in velocity, polarity, the repression of lateral pseudopod formation and directional persistence (Heid et al., 2004) . They did not possess a tapered uropod and formed lateral pseudopods on average at twice the rate of wild-type cells (Heid et al., 2005) . 3XASP cells, however, oriented normally in a spatial gradient of cAMP, although they still exhibited defects in basic cell motility (Heid et al., 2004) . 3XALA cells, however, translocated relatively normally, except for frequent bifurcations of the anterior pseudopod (Yumura and Uyeda, 1997; Stites et al., 1998) , suggesting an increase in cortical tension (Egelhoff et al., 1993; Stites et al., 1998; Laevsky and Knecht, 2003) . In contrast to 3XASP cells, 3XALA cells exhibited a 50% reduction in the efficiency of chemotactic orientation. The defects in the 3XASP and 3XALA mutants indicate that the phosphorylationdephosphorylation cycle plays a role both in basic cell motility and chemotaxis. This cycle is regulated by myosin heavy chain kinases and phosphatases (Murphy and Egelhoff, 1999; Rai and Egelhoff, 2011) , which one would assume are the targets of signal transduction pathways that coordinate remodeling of the cortical cytoskeleton during basic cell motility and chemotaxis.
To investigate the role of the myosin heavy chain kinases, the behavior of the individual Mhc null mutants mhckA 2 (Côte and Bukiejko, 1987) , mhckB 2 (Clancy et al., 1997; Rico and Egelhoff, 2003) , mhckC 2 (Nagasaki et al., 2002) and mhckD 2 (Yumura et al., 2005) ), has been analyzed by computer-assisted live-cell reconstruction and motion analysis systems. We fully expected to find that one or more of the mutants would exhibit behavioral defects similar to those of the mutant 3XALA (Heid et al., 2004) . The behavior of each mutant and its parent strain were analyzed during rapid perfusion with buffer (in the absence of attractants), in a spatial gradient of cAMP, in temporal gradients of cAMP, in spatial gradients of Ca 2+ and in wild-type aggregation territories. We found that three of the mutants, mhckA , exhibited defects in basic motile behavior in the absence of attractant as well as in a spatial gradient of cAMP. We found, however, that all five mutants oriented normally in spatial gradients of cAMP generated in vitro and exhibited normal chemokinetic responses to temporal increases and decreases in cAMP in temporal waves generated in vitro to mimic the dynamics of natural waves. However, while mhckB . They also lost flowdirected orientation. More importantly, the three mutants lost the capacity to reorient accurately in the front of each natural cAMP wave relayed through a wild-type aggregation territory. These results indicate that none of the Mhcks are each essential for orientation in a cAMP gradient, but the two Mhcks, MhckA and MhckC, are essential for Ca 2+ chemotaxis and flow-directed orientation, the same phenotype exhibited by the null mutant of the putative Ca 2+ channel/receptor, IplA (Lusche et al., 2012) .
Results

Basic motile behavior in the absence of attractrant
Cells of the mutants mhckA 
C
2 and their parent strains JH10 and Ax2, were allowed to attach at low density to the glass wall of a Sykes-Moore chamber and were then perfused with Tricine buffer (TB) containing 10 mM Ca 2+ (10 mM Ca 2+ solution), which has been demonstrated to facilitate maximum polarity, directional persistence and velocity in the absence of attractant Lusche et al., 2011) . Buffer solution was perfused at a rate that precluded cell-cell signaling (Varnum et al., 1985) . Tracks of the cell perimeters were reconstructed by the computer-assisted program 2D-DIAS (Soll, 1995; Soll and Voss, 1998) . The tracks of the mutants revealed no obvious qualitative differences with those of the parental strains (Fig. 1A-D , were consistently below those of their parental strains (Fig. 1E) . The decreases in instantaneous velocity were significant (P,0.05). The persistence measurements of mhckA 2 , mhckB 2 cells and mhckD 2 cells were also below those of their respective parental strains (Fig. 1E) . The results for the triple mutant mhckA 2 B 2 C 2 were consistent with those for individual mutants mhckA 2 and mhckB 2 and, if anything, revealed some additivity (Fig. 1E) . In marked contrast, the same motility parameters for the mutant mhckC 2 were indistinguishable from those of parental cells ( Fig. 1E ; P.0.1). These results demonstrate that none of the four Mhcks is essential for cellular translocation, but three of them (MhckA, MhckB, MhckD) play roles in fine tuning basic motile behavior and in attaining maximum velocity.
All mutants undergo cAMP chemotaxis
Cells of the mutant and parental strains were analyzed in spatial gradients of cAMP generated in a chamber consisting of a bridge, which supports test cells, and two bordering troughs, one filled with 10 mM Ca 2+ solution and the other filled with 10 mM Ca 2+ solution containing 10 26 M cAMP. In this chamber, a gradient forms across the bridge after five minutes and remains steep enough to induce chemotaxis for 15 additional minutes (Varnum and Soll, 1981; Varnum and Soll, 1984) . Cell behavior was video recorded between 5 and 15 minutes for computer-assisted analysis. Cells of all five mutants moved in a directed fashion up a cAMP gradient like parental cells ( Fig. 2A-D) . The chemotactic index for the five mutants varied between +0.40 and +0.55, while those of parental strains JH10 and Ax2 were +0.57 and +0.60, respectively (Fig. 2E) . The percentage of cells of the five mutant strains with positive chemotactic indices varied between 79 and 91%, while those of the parental strains JH10 and Ax2 were 94 and 90%, respectively (Fig. 2E ). These results demonstrate that none of the Mhcks are individually essential for cAMP chemotaxis. The triple mutant underwent cAMP chemotaxis, demonstrating that at least in the case of MhckA, MhckB and MhckC, the results do not reflect a case of redundancy.
As was the case in the absence of attractant (Fig. 1 (Fig. 2E ). The differences were statistically significant (P,0.05). As was the case in the absence of attractant (Fig. 1) , the motility parameters of mutant mhckC 2 were similar to those of the parental strain Ax2 (P.0.05; Fig. 2E ). Therefore, the velocity defects of mhckA 
C
2 observed in the absence of chemoattractant (Fig. 1E) were also observed when cells were undergoing chemotaxis in a spatial gradient of cAMP (Fig. 2E) .
During natural aggregation, cells undergo changes in motility in response to the temporal dynamics of each relayed wave of cAMP. Instantaneous velocity increases in response to the increasing temporal gradient in the front of each wave, and decreases in response to the peak and decreasing temporal gradient in the back of each wave (Varnum et al., 1985; Soll et al., 2002) . These chemokinetic responses can be assessed in vitro by measuring instantaneous velocity in a series of temporal waves of cAMP generated with pumps attached to a round perfusion chamber (Geiger et al., 2003; Wessels et al., 2009) . Under these conditions, spatial gradients of cAMP were not established. The wave periodicity was seven minutes, the average periodicity of natural waves in an aggregation territory (Tomchik and Devreotes, 1981) . The response of a representative parental wild-type cell is shown in Fig. 3A . In each temporal wave, instantaneous velocity increased in the increasing phase, and decreased at the peak and in the decreasing phase (Fig. 3A) . All five MhckA mutants (mhckA
) responded normally to a series of four temporal waves ( Fig. 3B-F , respectively). In the front of each of the last three in a series of four temporal waves there was an increase in instantaneous velocity. Although the triple mutant exhibited an increase in the front of each wave, it consistently exhibited aberrant surges in the backs of waves (Fig. 3F ). Ten cells of each parental and mutant strain were analyzed, with similar results. To test whether the five mutants underwent Ca 2+ chemotaxis, TB plus 10 mM Ca 2+ was pumped along one side of a microfluidic chamber, and TB lacking Ca 2+ along the other (Scherer et al., 2010) . A series of chevron micromixers between the two flow channels of the chamber generated a stable Ca 2+ gradient that was perpendicular to the direction of flow (Scherer et al., 2010) . We also demonstrated that wild-type cells were mechanoresponsive to the shear force caused by the high level of flow (Scherer et al., 2010) , as others have shown (Décavé et al., 2003; Fache et al., 2005; Lombardi et al., 2008) . Because wild-type cells respond to both a chemotactic signal and mechanosignal, wild-type cells move up a Ca 2+ gradient generated in the microfluidic chamber with a bias in the direction of flow (i.e. at an angle between the direction of the Ca 2+ gradient and the angle of flow) (Scherer et al., 2010) . Parental JH10 and Ax2 cells, in the experiments reported here, moved up Ca 2+ gradients with chemotactic indices of +0.2060.23 and +0.2360.22, respectively, and with percentage positive chemotaxis measures of 75 and 80%, respectively (Fig. 4A) . These values were very close to those previously reported for wild-type cells (Scherer et al., 2010) . Cells of both parental strains exhibited rightward bias, which was evident in the rightward direction parameter, calculated as the degrees directed away from the rightward vector (i.e. the direction of flow) (Scherer et al., 2010) (Fig. 4A) , and in representative cell tracks (Fig. 4B) . Cells of the mutants mhckB 2 and mhckD 2 exhibited chemotactic indices and percentage positive chemotaxis measures similar to those of cells of the parental strains (Fig. 4A) . mhckB 2 and mhckD 2 cells also exhibited positive rightward directionality values of +0.14 and +0.13 ( Fig. 4A ), which were half that of parental strains, but still far above 0.00, the measure of unresponsiveness (Scherer et al., 2010 (Fig. 4G ) whereas parental cells moved towards the upper right hand corner of the field (Fig. 4F ). These results demonstrate that each of the two Mhcks, MhckA and MhckC, but not MhckB or MhckD, is essential for Ca 2+ chemotaxis and flow-induced directed movement.
Defects in chemotactic orientation in the front of natural waves
Since all four individual Mhck mutants underwent normal chemotaxis in a spatial gradient of cAMP and normal chemokinetic responses to increasing and decreasing temporal gradients of cAMP in vitro, one might expect all four to respond normally to the spatial and temporal dynamics of cAMP waves relayed in a natural aggregation territory of majority wild-type cells. This expectation was based on the premise that every aspect of the complex behavior of cells in a natural wave of cAMP could be explained by their responses to the increasing and decreasing spatial gradients of cAMP, and the increasing and decreasing temporal gradients of cAMP that accompany the front and back, respectively, of each relayed wave (Soll et al., 2002) . To test this, vitally stained mutant cells and unstained JH10 cells were mixed at a ratio of 1:9, respectively, and allowed to aggregate on the surface of a 35 mm plastic Petri dish (Wessels et al., 2000; Wessels et al., 2007; Lusche et al., 2012) . The outwardly moving, nondissipating waves of cAMP in these mixed populations are dictated by the majority wild-type cells. Chemotaxis was assessed in a gradient chamber designed after that of Zigmond (Zigmond, 1977; Varnum and Soll, 1984) . The form and frequency of each natural wave passing over an individual minority mutant cell was deduced by the transient increase in instantaneous velocity of neighboring majority wildtype cells. Majority wild-type cells responded chemotactically and chemokinetically to the front of each wave (Fig. 5A,B) . In the front of each deduced wave, wild-type cells moved with increased velocity in the direction of the aggregation center, and at the peak and in the back of each deduced wave, the velocity of cells decreased dramatically, with little net movement towards the aggregation center. These behaviors were evident in velocity plots ( Fig. 5A) and tracks of the cell centroid (Fig. 5B) In the majority of cases, the cells did not appear to reorient at the onset of each wave, resulting in a high frequency of sharp turns (Fig. 5D,H) . To quantify this abnormality in reorientation, the angle was measured between the direction of movement in the front of each of four successive waves and the direction of the aggregation center, the source of the wave, as diagrammed in Fig. 5I . In a previous study using this technique (Lusche et al., 2012) , we found the average angle of orientation for wild-type cells to be 30˚. Here, parental JH10 and Ax2 cells oriented with average angles of 31.269.2˚and 34.769.5˚, respectively (Fig. 5J) . Mutant mhckB 2 and mhckD 2 cells oriented at angles (6 standard deviation) of 41.2612.6˚and 36.6610.8˚, respectively (Fig. 5J) . These values were found to be statistically indistinguishable from those of the respective controls (Fig. 5J) (Fig. 5J) . The difference in angle between the three latter mutants and their respective parental strain was highly significant (Fig. 5J) . Together, these results indicate that MhckA and MhckC play major roles in reorientation in the front of each natural, relayed wave, but MhckB and MhckD do not.
Myosin II localization in mutants
In parental Ax2 (Fig. 6A,B ) and JH10 (data not shown) cells translocating in buffer, anti-myosin II antibody stained the cytoplasm diffusely and the posterior cell cortex and uropod intensely (n525 for both strains), as previously reported (Yumura et al., 1984; Yumura and Fukui, 1985) . A similar pattern was observed for JH10 cells (data not shown). In a minority (,10%) of control cells, there was distinct myosin II staining in pseudopods (data not shown), presumably reflecting pseudopod retraction, as suggested by Spudich and co-workers, who monitored GFP-tagged myosin II in live translocating cells (Moores et al., 1996) . Cells of all five mutants exhibited diffuse myosin II staining in the cytoplasm, and more intense staining in the uropod and posterior cell cortex (Fig. 6C-J) . However, the pseudopods of a majority (.60%, n520) of mhckA 2 cells (Fig. 6C,D) and a majority (.60%, n520) of mhckA (Fig. 6I,J ) also stained intensely for myosin II. These latter results suggest that in the absence of MhckA, which localizes in pseudopods (Steimle et al., 2001a; Steimle et al., 2001b; Steimle et al., 2002; Liang et al., 2002) , myosin II abnormally accumulates in that structure, presumably in an unphosphorylated and thus polymerized state.
Ca
2+ and in vitro MhckA activity
Assessing the direction of a spatial gradient of Ca 2+ (Scherer et al., 2010) most likely functions through surface receptors that activate signal transduction pathways, as is the case for cAMP chemotaxis in D. discoideum (Swaney et al., 2010; Wang et al., 2011; Cai and Devreotes, 2011 ) and chemotaxis to a number of attractants in animal cells (von Philipsborn and Bastmeyer, 2007) , including Ca 2+ chemotaxis (Aguirre et al., 2010) . In addition, assessing a Ca 2+ gradient may also be mediated by the gradient-dependent release of Ca 2+ if the receptor is a Ca 2+ Fig. 3 . Deleting the individual MHCK genes does not affect the chemokinetic response to temporal waves of cAMP generated in vitro that mimic the temporal dynamics of naturally relayed cAMP waves. Instantaneous velocity is plotted as a function of time. The cAMP waves are plotted above the velocity plots. ''f'' and blue shading denotes the front (increasing temporal gradient) of each wave.
channel (Treves et al., 2010; Prevarskaya et al., 2010) . In the latter case, orientation may be effected by generating a cytosolic Ca 2+ gradient that activates MhckA and MhckC in a gradientdependent fashion (Yumura et al., 1996) . To explore this latter possibility, we tested whether changes in the concentration of Ca 2+ affected MhckA and MhckC activity in vitro. The substrate in this assay was the MH-1 peptide described elsewhere (Steimle et al., 2001a) . The cytosolic concentration of Ca 2+ has been estimated to be 50 nM in the absence of cAMP and 200 nM upon global stimulation with very high concentrations of cAMP (Schlatterer et al., 1994; Yumura et al., 1996; Nebl and Fisher, 1997) . Increasing the in vitro Ca 2+ concentration from 0 to 100 mM in the reaction mixture had only a minor effect on MhckA activity (Fig. 7A) . Increasing it to 500 mM, a nonphysiological concentration, caused a 30-40% decrease in activity. Addition of calmodulin, which binds Ca 2+ and facilitates its interaction with target proteins, had little effect on MhckA activity (Fig. 7B,C) . Similar results were obtained in measurements of MhckC activity (data not shown). These results suggest that the activity of MhckA and MhckC are not under the regulation of receptor-or channel-dependent changes in the concentration of cytosolic Ca 2+ . They do not, however, contradict the suggestion that Ca 2+ chemotaxis is receptor mediated (Scherer et al., 2010) . . A previous computer-assisted study (Heid et al., 2004) revealed that cells of the 3XALA mutant underwent chemotaxis in a spatial gradient of cAMP, but with reduced efficiency. 3XALA also underwent chemokinesis in the front of temporal waves of cAMP generated in vitro and in the front of deduced natural waves of cAMP generated in mixtures of wildtype and mutant cells (9:1), as described here. We therefore retested whether 3XALA cells underwent chemotaxis in a spatial gradient of cAMP in 10 mM Ca 2+ solution and tested for the first time whether they underwent chemotaxis in a spatial gradient of . They also lose flow-induced directed motility. Chemotaxis and flow-induced directed motility were assessed in a microfluidic chamber (Scherer et al., 2010) . (A) Quantification of motility parameters, flow-induced movement and chemotaxis. Motility and chemotaxis parameters are defined in the legends to Figs 1 and 2, respectively. Right. direct., rightward directionality. (B-E) Representative perimeter tracks of cells of parental strain Ax2 and mutants mhckA 2 , mhckB 2 and mhckC 2 , respectively. (F,G) Consecutive video frames at 2 minute intervals of Ax2 and mhckA 2 cells, respectively. In B-E, thick and thin arrows represent direction of Ca 2+ gradient and cell movement, respectively. In F and G, the white dashed line denotes the middle of the chamber, and time is presented in minutes (M).
2+
. Cells of the mutant strain 3XALA, which was derived from strain JH10 as previously reported, underwent chemotaxis in a cAMP gradient with an average chemotactic index of +0.2860.36, and a percentage positive chemotaxis value of 75% (n548), results very similar to those previously reported (Heid et al., 2004) . However, 3XALA cells did not undergo chemotaxis in a spatial gradient of Ca
. The chemotactic index in the latter case was +0.0360.32 (n544). As was the case for cells of the mutants mhckA , 3XALA cells did not exhibit rightward directionality in response to flow (rightward directionality50.0460.30). And as previously reported for 3XALA cells in a spatial gradient (Stites et al., 1998) , myosin II stained strongly in the cortex and uropod of 3XALA cells in buffer (data not shown), reflecting overpolymerization (Egelhoff et al., 1993) .
Discussion
The role of myosin II phosphorylation Behavioral analyses of the phosphorylation mutants of the myosin II heavy chain (Mhc), 3XASP and 3XALA (Egelhoff et al., 1993; Egelhoff et al., 1996) , indicated that the phosphorylation-dephosphorylation cycle played a role not only in the basic motile behavior of a cell, but also in chemotaxis in a spatial gradient of cAMP and in response to temporal gradients of cAMP (Heid et al., 2004; Soll et al., 2009; Stites et al., 1998) . The aberrant phenotypes of these mutants suggested that the dynamic phosphorylation-dephosphorylation cycle of myosin II was not absolutely essential for these behaviors, but rather played a role in fine tuning chemotaxis in a spatial gradient of cAMP. Because the Mhcks had been shown to phosphorylate myosin II in vitro, we fully expected that one or more of the Mhck null mutants would partially or fully exhibit the behavioral defects of the mutant 3XALA.
The role of the Mhck proteins in basic motile behavior
All of the Mhck null mutants except mhckC 2 exhibited reductions in velocity. MhckA had been shown to localize to the pseudopod (Steimle et al., 2001a; Steimle et al., 2001b; Steimle et al., 2002; Liang et al., 2002) , which, when extending, is relatively devoid of myosin II (Moores et al., 1996) . The accumulation of myosin II in the pseudopods of mhckA 2 cells, as we have shown here, supports the suggestion that MhckA phosphorylates Mhc in the pseudopod, thus blocking myosin II polymerization in the dynamic actin gel that drives pseudopodial expansion (Steimle et al., 2001a; Steimle et al., 2001b; Steimle et al., 2002) . In marked contrast, MhckB localizes to the cytoplasm (Liang et al., 2002; Underwood et al., 2010) , where it may play a role in maintaining the monomeric myosin II pool necessary for remodeling the cortical cytoskeleton during cellular translocation and lateral pseudopod formation. MhckC localizes to the myosin II-rich posterior cortex and uropod (Nagasaki et al., 2002; Yumura et al., 2005) , where it may play a role in dismantling the actin-myosin cytoskeleton during remodeling. Remodeling has been indicated in morphometric studies to occur at the interface between the cell body and uropod ). However, this suggested role is not reflected in the mhckC 2 mutant, which does not exhibit any measurable defect in velocity, polarity or uropod maintenance. MhckD localization has not been reported. These observations suggest that in a wildtype cell, at least three of the four Mhcks exhibit differences in localization and, therefore, are unlikely to be functionally redundant.
Mhcks and cAMP chemotaxis
All four of the individual Mhck mutants and the triple mutant mhckA 2 B 2 C 2 , underwent robust chemotaxis in spatial gradients of cAMP generated in vitro. All five mutants also exhibited relatively normal chemokinetic responses to increasing and decreasing temporal gradients of cAMP generated in vitro in temporal waves that mimicked the temporal dynamics of natural waves. These results indicate that no single Mhck, nor a combination of the three Mhcks, MhckA, MhckB and MhckC, is essential for chemotaxis in a spatial gradient of cAMP or for the chemokinetic responses to temporal gradients of cAMP generated in vitro. This leads to the tentative conclusion that none of these kinases may represent an exclusive, or essential, target for the signal transduction pathways regulating cAMP chemotaxis (Yumura et al., 2005) . One might suggest either that other kinases may be responsible for Mhc phosphorylation and hence serve as targets for these pathways, or that another as yet unidentified pathway not involving phosphorylation may regulate myosin assembly (Levi et al., 2002) . However, even this explanation seems unlikely given that 3XALA, which contains myosin II heavy chain in a constitutively unphosphorylated state, undergoes chemotaxis in a spatial gradient of cAMP and chemokinesis in temporal gradients of cAMP generated in vitro (Heid et al., 2004) .
Mhcks and Ca 2+ chemotaxis
Although none of the Mhcks were essential for chemotaxis in a spatial gradient of cAMP, two of them were essential for chemotaxis in a spatial gradient of Ca
2+
. The two mutants mhckA 2 and mhckC
2
, and the triple mutant mhckA
, were incapable of undergoing chemotaxis in a spatial gradient of Ca 2+ (Scherer et al., 2010) . These mutants also lost shear-induced motility in the direction of fluid flow (Décavé et al., 2002; Décavé et al., 2003; Fache et al., 2005; Lombardi et al., 2008 , but not cAMP. This result is surprising for several reasons. First, because the behavioral response appears so similar during cAMP and Ca 2+ chemotaxis (Scherer et al., 2010; Lusche et al., 2012) , we hypothesized that while the receptors and upstream components of the signal transduction machinery may differ, the downstream pathways and targets regulating the response, such as the Mhcks, would be common. This expectation was reinforced by the observation that the capacity to undergo chemotaxis in both a cAMP and a Ca 2+ gradient were attained at approximately the same time in the developmental program initiated by starvation (Scherer et al., 2010) . Demonstration here that MhckA and MhckC are each essential for Ca 2+ , but not cAMP, chemotaxis suggests that either the downstream targets of the signal transduction pathways differ in the two chemotactic processes, or that Mhc phosphorylation plays a role upstream in the regulation of Ca 2+ , but not cAMP, chemotaxis.
Mhck proteins and natural aggregation
Given that all four of the individual Mhck null mutants underwent chemotaxis in a spatial gradient of cAMP and chemokinesis in an increasing temporal gradient of cAMP, we expected all of them to behave normally in natural wild-type aggregation territories. This expectation was predicated on the assumption that the behavior of cells during natural aggregation is dictated solely by the spatial and temporal dynamics of cAMP in the natural wave (Soll et al., 2002) . We found instead in mixing experiments (Lusche et al., 2012 ) that neither minority mhckA 2 cells nor minority mhckC 2 cells undergo normal chemotaxis in natural waves generated by majority wildtype cells. They were unable to reorient in the front of each successive wave. In contrast, the mutants mhckB 2 and mhckD 2 reoriented in the front of natural wild-type waves. Loss of the capacity to reorient by mhckA 2 and mhckC 2 cells correlated with loss of the capacity to undergo chemotaxis in a spatial gradient of Ca 2+ , not cAMP. These observations provide additional support for the hypothesis that Ca 2+ chemotaxis plays a fundamental role in natural chemotaxis in an aggregation territory (Scherer et al., 2010; Lusche et al., 2012 (Traynor et al., 2000) , also undergo chemotaxis in a spatial gradient of cAMP, but not Ca 2+ (Lusche et al., 2012) . Like mhckA 2 and mhckC 2 cells, iplA 2 cells have also lost shearinduced movement in the direction of fluid flow (Lusche et al., 2012) . Finally, like mhckA 2 and mhckC 2 cells, iplA 2 cells have lost the capacity to reorient in the front of cAMP waves, during natural aggregation (Lusche et al., 2012 , and that was indeed the case. Therefore, it is reasonable to conclude that the consequence of deleting either MHCKA or MHCKC is the overpolymerization of myosin II, in the cortex and uropod in the former case and in the pseudopod in the latter case. And based on the assumption that cAMP chemotaxis employs the same downstream motility machinery as Ca 2+ chemotaxis and shear-induced directed motility, but is intact in the mutants mhckA 2 , mhckC 2 , iplA 2 and 3XALA, we suggest that myosin phosphorylation plays a role upstream in the pathway regulating Ca 2+ chemotaxis and shearinduced directed motility. If IplA proves to be the common receptor for these two responses, as has been suggested (Lombardi et al., 2008; Lusche et al., 2012) , then the possibility can be entertained that the phosphorylation of Mhc by MhckA and MhckC plays a role in receptor (IplA) function, rather than downstream in the motile response. The in vitro experiments reported here reveal that since neither MhckA nor MhckC appears to be affected in vitro by the changes in Ca 2+ concentration in the physiological range, the possibility must be entertained that IplA may function as a classical chemotactic receptor at the cell surface, where it interacts directly or indirectly with MhckA and MhckC, rather than as a Ca 2+ channel that regulates these kinases by affecting the intracellular concentration of Ca 2+ . However, the disparate locations of the two Mhcks and the disparate effects deleting either has on myosin localization are difficult to reconcile with the common phenotype exhibited by either deletion mutant. Nonetheless we have identified components in a novel and selective pathway for Ca 2+ chemotaxis and shear-induced motility. Because the components are just emerging, it seems premature to attempt to design a model for this pathway at the present time. To generate the mhckA 2 strain (Kolman et al., 1996) , the pD15 gene replacement vector containing 59 flanking and 39 regions of the mhckA gene was electroporated into JH10, a thymidine auxotrophic cell line. The JH10 control strain was grown in HL-5 medium (http://dictybase.org/techniques/index.html) supplemented with 100 mg/ml thymidine (Sigma Aldrich, St. Louis, MO) while the mhckA 2 cells were maintained in HL-5 alone. The mhckB 2 strain was also obtained by insertion of a gene targeting construct into JH10 (Rico and Egelhoff, 2003) . In this case, the construct contained 59 and 39 sequences of the mhckB gene while the central portion of the gene had been replaced with the blasticidin resistance cassette. In studies presented here, mhckB 2 cells were grown in HL-5 medium supplemented with 10 mg/ml Blasticidin S (Sigma Aldrich, St. Louis, MO).
Materials and Methods
The mhckC 2 and mhckD 2 strains were generated by insertion of the appropriate blasticidin resistance disruption cassette into the mhckC or mhckD genes of the Ax2 control strain (Nagasaki et al., 2002) . These cells were grown in HL-5 supplemented with 10 mg/ml Blasticidin S.
The mhckA 2 B 2 C 2 strain was obtained using the nonselected co-transformation protocol described in detail by Betapudi et al. (Betapudi et al., 2004) . This approach was designed to generate a multiple gene knockout strain while circumventing problems inherent to G418 and hygromycin selection (Betapudi et al., 2004) . Briefly, targeting vectors for the mhckB and mhckC genes containing blasticidin and hygromycin resistance cassettes, respectively, within the coding regions were mixed in a 1:6 molar ratio, electroporated into the mhckA 2 cell line, and selected for blasticidin resistance. Transformants were screened by PCR to confirm disruption of all genes (Yumura et al., 2005) .
Finally, the 3XALA strain (Egelhoff et al., 1993) in which the three threonines in the tail region of the myosin II heavy chain were replaced with nonphosphorylatable alanines, was obtained from Dr Egelhoff (Egelhoff et al., 1993) . These cells were grown in HL-5 supplemented with 10 mg/ml G418 (Sigma Aldrich, St. Louis, MO).
Frozen stocks of the strains were reconstituted every two weeks for experimental use (Wessels et al., 2007; Lusche et al., 2009) . Methods for obtaining aggregationcompetent amoebae for motility assays are described elsewhere in detail (Scherer et al., 2010) . For analyses of basic motility and chemotaxis, cells were harvested from developmental filters at the onset of aggregation, when velocity and chemotactic responsiveness were maximal (Varnum et al., 1986) .
Analysis of basic motile behavior and behavior in temporal cAMP waves
The method and conditions for analyzing basic motile behavior in the SykesMoore perfusion chamber have been described previously in detail Varnum et al., 1986; Lusche et al., 2009; Wessels et al., 2009) . Here, basic motile behavior was analyzed during perfusion with Tricine buffer (TB) containing 10 mM Ca
2+
. Sequential temporal waves of cAMP were generated in 40 mM K + buffer (Varnum et al., 1985; Lusche et al., 2011) in the Sykes-Moore chamber by pressure-driven pumps as previously described (Geiger et al., 2003; Wessels et al., 2009 ). The wave periodicity was 7 min. Digital images were acquired at an interval of 4 secs for 10 mins as described elsewhere .
Analysis of chemotaxis
Cells were distributed across the bridge of the plexiglass gradient chamber (Zigmond, 1977) according to methods previously described (Varnum and Soll, 1984) . Gradients were generated by filling one trough bordering the bridge with 10 mM Ca 2+ solution in TB lacking cAMP and the other trough with 10 mM Ca 2+ solution in TB plus 10 26 M cAMP. Cells were video recorded for a 10 minute period following 5-7 minutes of incubation after adding solutions to the troughs.
Cells were inoculated into the custom built microfluidic chamber and a Ca 2+ gradient generated using a method identical to the one described elsewhere in considerable detail (Scherer et al., 2010) . The concentration of Ca 2+ used in the microfluidic chamber in this study was 10 mM.
Myosin II immunofluorescent staining
Myosin II was stained with Dictyostelium anti-myosin II polyclonal antibody (Burns et al., 1995) , a generous gift from Arturo de Lozanne (University of Texas, Austin). The methods were described elsewhere in detail (Wessels et al., 2000) .
DIAS analysis of behavior
Cell behavior under all conditions was analyzed by 2-D DIAS software and a description of the parameters is described elsewhere in detail (Soll, 1995; Soll and Voss, 1998; Wessels et al., 2009 ). Briefly, instantaneous velocity, percentage of cells with a velocity of §9 mm per minute (% cells §9 mm/min), directional persistence, chemotactic index and percentage positive chemotaxis were computed from centroid positions (Soll, 1995; Soll and Voss 1998; Wessels et al., 2009; Lusche et al., 2012) . 'Instantaneous velocity' was computed at 4 second intervals between each consecutive pair of centroids over a ten minute period (Soll, 1995; Soll and Voss, 1998) . The parameter '% cells §9 mm/min' was computed as the proportion of cells in a population with an average instantaneous velocity greater than or equal to 9 mm per minute. 'Positive flow' was determined from overlapping perimeter outlines of two consecutive cell images. The area in the second of the two images that did not overlap the first was calculated and expressed as a percentage of the area of the first image. This was performed at 4 second intervals over a 10 min period for each cell. 'Directional persistence' was computed as the net distance between the first and last centroid of a centroid track divided by the summed distances between consecutive centroid positions of the track. The 'chemotactic index' (C.I.) was computed as the net distance traveled in the direction of the source of chemoattractant divided by the total distance traveled. Similarly, rightward directionality (RD) was computed as the net distance traveled towards the right (direction of flow in the microfluidic chamber) divided by the total distance traveled. The 'percentage positive chemotaxis' parameter was measured as the proportion of cells in a population with a chemotactic index greater than 0.00. Values given are the mean (6 standard deviation) computed for the population.
Mixing experiments for analysis of natural aggregation
To analyze the behavior of mhck mutants in wild-type aggregation territories, mutant cells were labeled with the vital dye DiI (Invitrogen, Carlsbad, CA), mixed with a majority of unlabeled control cells, and motion analyzed during aggregation according to methods described in detail elsewhere (Lusche et al., 2012) . Briefly, mhck mutants were labeled by incubation in HL-5 containing 0.05 mM DiI (Invitrogen) for 24 hrs in the dark. HL-5 was then removed from labeled mutant cells and excess dye removed by washing in 40 mM K + solution . The appropriate control strain (JH10 or Ax2) and labeled mhck cell populations were then mixed at a 9:1 ratio, respectively, to a final density of 5610 6 cells per 2 ml. This suspension was inoculated into a 35 mm Petri dish and the dish placed on the stage of a Nikon Eclipse TE-2000 microscope connected to a Bio-Rad Radiance 2100MP laser scanning confocal microscope (Bio-Rad Microscience Ltd, Hemel Hempstead, UK). After 6 hours, image acquisition was begun using a green HeNe laser at 543 nm and a 106 objective. Transmitted light images were continuously collected through a transmitted light detector at 543 nm. Transmitted and fluorescent images were collected with LaserSharp 2000 software at 20 sec intervals and converted to QuickTime TM format. Labeled mhck 2 cells and unlabeled control cells were outlined from the QuickTime TM movie and motion analyzed using 2D-DIAS as described above (Soll, 1995; Soll and Voss 1998; Wessels et al., 2009 ).
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